Introduction: Current methods to evaluate root position either are inaccurate (panoramic radiograph) or expose patients to relatively large amounts of radiation (cone-beam computed tomography [CBCT]). A method to evaluate root position by generating an expected root position (ERP) setup was recently reported but has not been validated. The purpose of this study was to quantitatively assess the accuracy and reliability of the ERP setup with adequate statistical power. Methods: This retrospective study included 15 subjects who had completed phase 2 orthodontic treatment. An ERP setup was generated for all patients after treatment. The ERP setup was compared with the posttreatment CBCT scan, which served as the control. The mesiodistal angulation and buccolingual inclination of all teeth in both the ERP setup and the posttreatment CBCT scan were measured and compared. Bland-Altman analysis was used to assess interoperator reliability, intraoperator reliability, and agreement between the ERP setup and the posttreatment CBCT scan. Results: Bland-Altman plots showed high interoperator and intraoperator reliabilities. These plots also showed strong agreement between the ERP setup and the posttreatment CBCT scan; 11.8% of teeth measured for mesiodistal angulation and 9.6% of teeth measured for buccolingual inclination were outside the 62.5 range of clinical acceptability. Conclusions: We validated that the method to generate an ERP setup to evaluate root position for posttreatment orthodontic assessment is accurate and reliable. (Am J Orthod Dentofacial Orthop 2018;154:583-95) 
T he objective of orthodontic treatment is to position teeth (crown and root) ideally, in a stable, esthetic, and functional occlusion. The guidelines that orthodontists often follow to achieve this optimal occlusion are Andrews' 6 keys to normal occlusion. 1 Of the 6 keys, 4 (molar relationship, rotations, spaces, and occlusal plane) depend solely on crown position. The other 2 (mesiodistal angulation and buccolingual inclination) depend on both crown and root positions because of variations in crown morphology, inconsistencies in crown-root angulation, and short crown length relative to root length. [2] [3] [4] [5] [6] [7] Achieving satisfactory root position during orthodontic treatment is essential for optimal restorative treatment, periodontal health, and occlusal function. Previous reports have demonstrated that restorative or periodontal treatment may be compromised if roots of adjacent teeth are positioned too close to one another. 8, 9 Root proximity in which the adjacent roots are apart by 1.0 mm or less has been shown to result in poorly shaped gingival embrasures, jeopardized health of the interproximal space, horizontal bone loss, and more rapid periodontal breakdown. [10] [11] [12] [13] [14] [15] In addition, accurate root placement and parallelism are important to produce proper occlusal and incisal functions and to distribute occlusal forces. 2, 16 Root position during orthodontic treatment is evaluated through x-rays, most commonly in the form of a panoramic radiograph. A 2008 survey of American orthodontists in the Journal of Clinical Orthodontics reported that 67.4% of respondents took progress panoramic radiographs, and 80.1% of respondents took posttreatment panoramic radiographs to monitor and finalize root position. 17 However, panoramic radiographs are not ideal for evaluating root position, since a Division of Orthodontics, University of California at San Francisco. b previous studies have determined that they are inaccurate in depicting root position because of distortions and projection effects due to the nonorthogonal x-ray beams directed at the teeth. [18] [19] [20] [21] In addition, prior studies have reported that radiographic techniques should be able to evaluate root angulations with an accuracy of 2.5 in either direction to be considered clinically acceptable; yet panoramic radiographs depict 53% to 73% of root angulations outside this clinically acceptable range. [19] [20] [21] [22] Cone-beam computed tomography (CBCT) is another radiographic technique used to assess root position during orthodontic treatment. In contrast to panoramic radiographs, CBCT scans have been reported to accurately evaluate root positions in 3 dimensions and depict dentofacial structures in a 1:1 ratio. 18, [23] [24] [25] [26] However, compared with panoramic radiographs, CBCT scans expose patients to higher levels of radiation, so multiple CBCT scans for evaluating root position may not be clinically recommended, especially in children. [25] [26] [27] Although CBCT technology continues to improve by decreasing the radiation exposure to patients, practitioners are always recommended to follow the ALARA principle and minimize exposing patients to radiation when possible. 28 Therefore, a technique that can accurately evaluate root position in 3 dimensions while also minimizing radiation exposure to patients is desirable.
A new methodology that generates an expected root position (ERP) setup was recently demonstrated to have the potential to evaluate root position at any stage of orthodontic treatment by combining 1 pretreatment CBCT scan with digital scans of teeth. [29] [30] [31] This ERP setup is an approximation of the root position at a specific orthodontic stage of interest and has been demonstrated in an ex-vivo typodont model, clinically in 1 subject at posttreatment and in a 5-patient posttreatment pilot study. [29] [30] [31] Quantitative analysis of this approach with adequate statistical power and reliability testing was not performed in these previous studies. Thus, the purpose of our study was to quantitatively assess the accuracy and reliability of the ERP setup in a larger sample with adequate statistical power.
MATERIAL AND METHODS
This retrospective study was approved (number 10-00564) by the Committee on Human Research at the University of California at San Francisco. Records for this study were obtained from the patient database of the Division of Orthodontics. The inclusion criteria for this study were those who had completed phase 2 orthodontic treatment and whose records consisted of pretreatment and posttreatment study models and CBCT scans. The exclusion criteria were patients who had extensive restorations covering more than 2 surfaces or had restorations during orthodontic treatment. These criteria also excluded teeth with dilacerated roots and patients with poor CBCT scan resolutions. Based on the previously reported pilot study on this methodology that determined the number of patients needed for adequate statistical power, we selected 15 patients meeting the inclusion and exclusion criteria using convenience sampling. 31 The Anatomodel 3D modeling service (Anatomage, San Jose, Calif) was used to generate all segmentations of teeth from pretreatment and posttreatment CBCT scans. All CBCT scans were taken with a CS9300 Cone Beam 3D Imaging System (Carestream Dental, Atlanta, Ga) set at 85 kV(p), 4.0 mA, 6.4-second scan time, 17 3 11 cm field of view, and voxel size of 0.250 mm. An Ortho Insight (MotionView Software, Hixson, Tenn) extraoral laser scanner was used to scan all posttreatment study models. The Ortho Insight software was used to segment, individualize, and export as PLY files the scanned posttreatment crowns. To generate the ERP setup at posttreatment, the individualized pretreatment CBCT teeth obtained from the Anatomodel were superimposed using 3-matic software (version 9.0; Materialise, Leuven, Belgium) onto their respective individualized posttreatment laser scanned crowns (Fig 1) . The superimposition was first roughly approximated using an N-points registration function in which 3 matching points were selected on each pretreatment CBCT tooth and its respective posttreatment laser scanned crown. Gross errors in mesiodistal angulation and buccolingual inclination after N-points registration were then corrected by the best judgment of the operator (R.J.L.) to match the alignment of the long axes of the pretreatment CBCT teeth and posttreatment laser scanned crowns through rotation and translation functions. The last step in the superimposition process was to use a global registration function that applied an iterative closest point algorithm.
To quantitatively assess the ERP setup and posttreatment CBCT scan, the mesiodistal angulations and buccolingual inclinations were measured for all teeth in both the ERP setup and the posttreatment CBCT scan. To measure the teeth in the ERP setup, the surface contour of the ERP setup was overlaid onto the CBCT scan in Mimics software (version 16.0; Materialise). The contrast on the CBCT scan was adjusted to create a black background to minimize bias in measurements from the CBCT scan. To find the mesiodistal angulation and buccolingual inclination, the long axis of the tooth was first determined by selecting points for the centers of the crown and root in all 3 dimensions. 32, 33 The point chosen for the center of the molar root often ends up in the furcation area. A point directly mesial to the center of the crown point was chosen for the mesiodistal angulation measurement. A point directly lingual to the center of the crown point was chosen for the buccolingual inclination measurement. Using the 3 points from the long axis and the mesial or lingual points, the mesiodistal angulation and buccolingual inclination were measured for all teeth (Fig 2) . The mesiodistal angulation and buccolingual inclination of each tooth were measured 5 times, and the mean of these measurements was later used for further analysis. We applied the same methodology for measuring mesiodistal angulation and buccolingual inclination (Fig 3) to the posttreatment CBCT scan, which served as the control. Two operators (S.P., J.P.) collected the ERP setup and the posttreatment CBCT scan mesiodistal angulation and buccolingual inclination measurements for all subjects. Each operator repeated his or her measurements at a minimum of 1 week later, yielding a total of 4 sets of measurements for each subject. The 2 operators were blinded to which subject they were measuring at all times. The operators were trained and calibrated on how to measure the mesiodistal angulation and buccolingual inclination before collecting measurements on the 15 subjects.
Statistical analysis
A power analysis was performed in a 5-subject pilot study to calculate the sample size for each tooth category using the formula specified for a 1-group descriptive study. 31 To determine the agreement between the mesiodistal angulation and the buccolingual inclination measurements of the ERP setup and the posttreatment CBCT scan, the Bland-Altman method was used. [34] [35] [36] Interoperator and intraoperator reliabilities were also assessed using the Bland-Altman method. The number of measurements for all teeth that fell outside the 62. 5 clinically acceptable range as well as the mean difference was also collected. Linear regression analysis was performed using SPSS software (version 25.0; IBM, Armonk, NY). The Pearson correlation coefficient (r), the coefficient of determination (R 2 ), and the standard error of the estimate (SEE) were determined.
RESULTS
The power analysis formula for a 1-group descriptive study,
, was used; N is the sample size, Z a is the standard normal deviate for a, S is the standard deviation, and W is the desired total width. Z a was set to be 1.96 for a 95% confidence interval, and W was set to be 1.00, which is well within the 62.5
clinically acceptable range. For each tooth category, a sample size was calculated for both mesiodistal angulation and buccolingual inclination. Buccolingual inclination for maxillary canines required the most subjects: 30 teeth for adequate statistical power. Since each subject in our study had 2 maxillary canines, 15 subjects were used for this study. For the precision of data collection within operators, intraoperator reliability was tested for both the posttreatment CBCT scan and the ERP setup. For each operator, the first and second sets of measurements for the posttreatment CBCT scan were compared as well as the first and second sets of measurements for the ERP setup. The intraoperator agreement results, assessed using the Bland-Altman method, are shown in Table I . The BlandAltman plots for both operators (Fig 4) demonstrated strong agreement for all measurements.
For the precision of data collection between operators, interoperator reliability was tested for both the posttreatment CBCT scans and the ERP setups. Between each operator, the first set of measurements for the posttreatment CBCT scan were compared against each other as well as the first set of measurements for the ERP setup. This process was repeated between the operators' second set of measurements. The interoperator agreement results, assessed with the Bland-Altman method, are shown in Table II . The Bland-Altman plots between both operators' 2 sets of measurements ( Fig 5) demonstrated strong agreement for all measurements.
To assess the accuracy of the ERP setup in evaluating root position, the agreement between the ERP setup and the posttreatment CBCT scan was compared. Tables III  and IV show the agreement between the first operator's first set of ERP setups and posttreatment CBCT scan measurements for mesiodistal angulation and buccolingual inclination, respectively. The Bland-Altman plots for the first operator's first set of measurements for mesiodistal angulation (Fig 6) and buccolingual inclination (Fig 7) demonstrated strong agreement for all tooth types, with few outliers outside the limits of agreement.
The percentages of difference in measurements between the ERP setup and the posttreatment CBCT scan that fell outside the 62. 5 clinically acceptable range is reported in Table V for mesiodistal angulation and  Table VI for buccolingual inclination for all 4 sets of measurements by the 2 operators. For mesiodistal angulation, 11.8% (182 of 1548) of measurements fell outside the 62. 5 clinically acceptable range; for buccolingual inclination, 9.6% (148 of 1548) of measurements fell outside the 62. 5 clinically acceptable range. The means and standard deviations after taking the absolute value of the difference between the ERP setup and the posttreatment CBCT scan measurements are shown in Table VII for mesiodistal angulation and  Table VIII for buccolingual inclination. The total mean differences were 1.39 6 1.05 of all measurements for mesiodistal angulation and 1. 30 6 0.92 for buccolingual inclination; these fell within the 62.5 clinically acceptable range.
In the linear regression analysis, r, R
2
, and SEE are reported for mesiodistal angulation in Table IX and Method to measure the mesiodistal angulation and buccolingual inclination of a molar for the posttreatment CBCT scan. The long axis was determined by choosing the centers of the crown (green point) and root (red point). For mesiodistal angulation, a point (orange) directly mesial of the crown point was chosen. For buccolingual inclination, a point (blue) directly lingual to the crown point was chosen. buccolingual inclination in Table X . For all tooth categories, the r was greater than 0.90. R 2 was greater than 0.90 for all tooth categories except mandibular canines and incisors, which were greater than 0.80. The SEE ranged from 1.356 to 2.272 for mesiodistal angulation; the largest standard error of the estimate 
DISCUSSION
Proper root position and parallelism are necessary for successful orthodontic treatment. An index to evaluate the success of orthodontic treatment is the American Board of Orthodontics grading system, which recommends proper root position and deducts points if the adjacent roots are not generally parallel with each other. 37 The American Board of Orthodontics recommends evaluation of root angulation using panoramic radiographs even though it also acknowledges that distortions often occur with panoramic radiographs resulting in inaccurate portrayal of root angulations. Although CBCT scans can accurately depict root position, they expose patients to higher levels of radiation than do panoramic radiographs, so multiple CBCT scans for monitoring root position during orthodontic treatment may not be clinically recommended. Therefore, a new methodology that generates an ERP setup was developed to evaluate root position at any stage of orthodontic treatment with minimal radiation. However, this approach has not been validated in a larger population with adequate statistical power. A previous pilot study demonstrated that 15 subjects would be needed to validate this methodology with adequate statistical power. 31 Measurements of mesiodistal angulation and buccolingual inclination from the posttreatment CBCT scan and the ERP setup were used to compare these imaging techniques. The method reported in this study to measure mesiodistal angulation and buccolingual inclination does not use the traditional points chosen for these 2 measurements. We only needed to find the differences between the mesiodistal angulation and buccolingual inclination of the teeth from the posttreatment CBCT scan and the ERP setup rather than their true measurements. Thus, as long as the method to measure the mesiodistal angulation and buccolingual inclination for both the CBCT scan and the ERP setup is the same and consistent, then the differences will be accurately reflected between these 2 sets of measurements.
During pretesting of this method to measure the mesiodistal angulation and buccolingual inclination, some variability was found between the 2 operators and within the same operator when making the same measurement. To account for the variability in the measurements due to operator error, the number of measurements for each tooth was sequentially increased until the mean of the measurements between and within operators became more similar; this was determined to be 5 measurements. The mean of these 5 measurements was then used for the Bland-Altman analysis. This method of collecting multiple measurements is a limitation of the study because it may reduce the chance of observing values that deviate significantly from the mean. Ideally, a software program should be able to objectively detect the mesiodistal angulation and buccolingual inclination, but the software used in this study did not have this capability. These measurements were performed for all subjects by 2 operators to assess the interoperator reliability of performing these measurements. These operators repeated their measurements a minimum of 1 week later to assess the intraoperator reliability of these measurements. Bland-Altman analysis was performed to assess interoperator and intraoperator reliabilities in which the bias should ideally be near zero, and the measurements should fall within the limits of agreement. All Bland-Altman plots for interoperator and intraoperator reliability testing had biases that were close to zero, with most points within the upper and lower limits of agreement, demonstrating that the mesiodistal angulation and buccolingual inclination measurements by the 2 operators were reproducible between and within them. The intraoperator reliability error was lower than the interoperator reliability error; this was consistent with previous reports. 38, 39 Agreement between the ERP setup and the posttreatment CBCT scan was assessed using Bland-Altman and linear regression analyses stratified by tooth type. Because of the large amount of data and the BlandAltman plots generated for each operator's 2 sets of measurements and the interoperator and intraoperator reliabilities that were validated to be precise, only the first operator's first set of measurements are presented in this study. The Bland-Altman plots indicate strong agreement between the ERP setup and the posttreatment CBCT scan for all tooth types with biases near zero and few outliers outside the limits of agreement. The linear regression analysis indicated strong correlation between the ERP setup and the posttreatment CBCT scan with all Pearson correlation coefficients (r) greater than 0.90 and all coefficients of determination (R 2 ) greater than 0.80. The SEE showed the difference between the ERP setup and the posttreatment CBCT scan in 68% of the cases, and the SEE values for all tooth categories were well within the 62. 5 range of clinical acceptability. Thus, the linear regression analysis also indicated that the measurements from the ERP setups and the posttreatment CBCT scans were similar.
Previous studies have established a clinical acceptability range of 2.5 in either direction for assessment of root angulation. 19, 21 These authors found that 53% to 73% of root angulations when using panoramic radiographs fall outside this clinically acceptable range. 19, 21 We found that, for the ERP setup, 11.8% of teeth for mesiodistal angulation and 9.6% of teeth for buccolingual inclination fell outside this 62. 5 clinically acceptability range; these percentages were significantly better than those for panoramic radiographs. Additionally, a panoramic radiograph cannot evaluate buccolingual root inclination because it is a 2-dimensional radiographic technique, whereas the ERP setup is in 3 dimensions and can monitor buccolingual inclination. Mandibular canines had the most measurements outside the 62. 5 range of clinical acceptability, with 15.8% of teeth for mesiodistal angulation and 12.5% of teeth for buccolingual inclination. In addition, mandibular canines also had the lowest coefficient of determination (R 2 5 0.829) and largest SEE (2.272 for mesiodistal angulation) in the linear regression analysis. We postulated that this may have occurred because mandibular canines are smaller and have fewer anatomic structures to superimpose onto compared with posterior teeth. In addition, mandibular canines have long roots that may induce more operator error when collecting the measurements, and the anatomy of the mandibular canines may change slightly during orthodontic treatment through occlusal wear or enameloplasty, which would also affect the accuracy.
Agreement was relatively strong between the ERP setup and the posttreatment CBCT scan, but there were some outliers outside the limits of agreement with some teeth that were significantly off, with measurements greater than 5 off. On closer analysis of the teeth that were not aligned correctly in the ERP setup, the main factors involved were poor segmentation of the tooth from the CBCT scan, poor resolution of the crown from the extraoral laser scanner, or a combination of both. Accurate occlusal anatomy is often especially difficult to achieve with threshold segmentation because the patient is in occlusion. Improved ERP setup accuracy is predicted to occur by having the patient bite into a thin piece of wax during the pretreatment CBCT scan. The wax would cause a small separation between the maxillary and mandibular teeth resulting in easier segmentation of the occlusal anatomy. In addition, a higher resolution CBCT scan would improve the accuracy of the segmentation and the ERP setup. The accuracy of the extraoral laser scan also may have played a role. Although recent reports showed that intraoral scans are comparable in accuracy and reliability with extraoral scans, these reports did not take into account the dimensional changes with alginate impressions due to time and temperature. [40] [41] [42] The accuracy of the extraoral laser scan depends on an accurate impression and model pouring process, which can be easily distorted; in this study, alginate impressions were used that were poured up at least 24 hours later. These most likely led to dimensional changes and reduced the accuracy of the ERP setup. 42 Intraoral scans may improve the accuracy of the ERP setup because they have fewer steps compared with extraoral laser scans. Because of the outliers that can occur when generating an ERP setup, practitioners should still use their best clinical judgment when evaluating root position with the ERP setup and be especially critical if the segmentation of the CBCT teeth or the resolution of the digital scan is poor.
This study was performed at posttreatment based on the available records at the University of California at San Francisco's Division of Orthodontics. This retrospective study required study models and a CBCT scan to be performed at the same time; this currently only occurs at posttreatment at the University of California at San Francisco'. We postulated that this methodology can be performed at any stage in orthodontic treatment that a study model or an intraoral scan is taken, and that the bands and brackets would not affect the accuracy or the ERP setup, although a future study at midtreatment would be needed for validation. Whereas progress radiographs are still necessary to monitor root resorption and pathology, application of the ERP setup in a clinical setting would allow the practitioner to evaluate and adjust root position at any appointment when an intraoral scan or impression is done, rather than only at appointments when radiographs are taken. In addition, use of the ERP setup may reduce the number of radiographs taken solely for evaluating root position, such as for mini-implant or implant placement.
The severity of the initial malocclusion would not likely play a role in the accuracy of the ERP setup. The ERP setup was generated based on the posttreatment study model which has already corrected the initial malocclusion. Each pretreatment CBCT tooth is superimposed onto its respective posttreatment laser scanned crown without regard to the other teeth, so the initial malocclusion would not affect the process. Even in more complex cases such as impacted or ectopic teeth, the pretreatment CBCT scan would still be able to segment and isolate the impacted or ectopic tooth that would then be superimposed onto the tooth that is now in the correct position in the posttreatment laser scan.
The main limitation of generating an ERP setup is that it is too time consuming to be practical in a clinical setting. Additionally, the current software to generate and validate the accuracy and reliability of an ERP setup is expensive and may affect the decision to reproduce this study. However, advancements in CBCT technology, intraoral scanners, and imageprocessing software may make this approach feasible for clinical use soon. Third-party vendors, which were used in this study, can now perform the pretreatment CBCT scan threshold segmentation that was previously the most time-consuming step of this methodology. Intraoral scanners function by superimposition of numerous snapshots of the dentition, so intraoral scanners may soon be able to incorporate the CBCT tooth data and superimpose the roots onto the intraoral scan in real time. Other limitations are factors that may decrease the accuracy of generating the ERP setup. Generating an ERP setup relies on accurate crown superimposition of the CBCT teeth onto the digital scan teeth, so any factors that would cause poor segmentation of the CBCT tooth, such as large restorations, would decrease the accuracy of the crown superimposition. In addition, a restoration to the crown after the pretreatment CBCT scan would make the crown anatomy between the pretreatment CBCT digital scan tooth different, resulting in inaccurate crown superimposition. A further limitation was that the ERP setup depends on a pretreatment CBCT scan, so this methodology may not be possible for all orthodontic patients when a pretreatment CBCT scan is not indicated. 43 
CONCLUSIONS
1. We have statistically validated that the method to generate an ERP setup to evaluate root position for posttreatment orthodontic assessment is accurate and reliable. 2. Outliers of root position outside the limits of agreement when generating an ERP setup can occur if there is poor segmentation of the CBCT tooth or digital scan crown, so practitioners should use their best clinical judgment when evaluating root position with the ERP setup.
